finding that disorientation disrupts knowledge is consistent with egocentric but not allocentric coding of object location. The present experiments tested the hypothesis that egocentric coding may dominate early on but that once an allocentric representation is established, then target location is retrieved from it. This hypothesis predicts that disorientation will disrupt configuration knowledge in a novel environment, such as that used by Wang and Spelke, but not in an overlearned environment. Experiments 1 and 2 tested whether disorientation disrupted configuration knowledge of an overlearned environment, and Experiments 3-7 tested whether disorientation disrupted configuration knowledge of a novel, room-sized environment. In none of the experiments did disorientation disrupt configuration knowledge. Hence, in addition to showing allocentric coding of overlearned interlandmark relations, the present findings are consistent with the immediate availability of allocentric location codes in a novel, room-sized environment.
Any number of reference frames could be used to code the spatial locations of objects or landmarks in the environment, and one challenge for spatial cognition research is to identify those that are functionally relevant to spatially directed human behavior. Of particular interest to research in human navigation is the qualitative distinction between egocentric (fixed to the body) and allocentric (fixed to the environment) reference frames. There exists a large research literature devoted to studying allocentric and egocentric forms of coding, their underlying representational systems, and how these systems develop and interact with one another to support spatial behavior.
It is now well established that multiple egocentric reference frames function at a perceptual-motor level to code location in relation to the body's trunk and its moving parts (i.e., retinocentric, head centered, arm centered, etc.) (e.g., see Woodin & Allport, 1998 , for a brief review). Egocentric reference frames are important for visually guided action, and one neural substrate for such coding is centered on the intraparietal sulcus within the dorsal visual stream (e.g., Milner & Goodale, 2004) . The egocentric coordinates computed from visual input by the dorsal stream specify directly the motor coordinates for action and exert online control of the disposition of the effectors during response execution. These egocentric codes are not accessible to consciousness and are very short-lived.
Egocentric reference frames also play a role in consciously mediated spatial judgments, planning, and decision making. At this representational level, longer lasting egocentric codes mediate the perceived location of objects relative to the body and inform the executive planning of motor activity. Coding at this level involves the right inferior parietal cortex, which when damaged, produces attentional neglect of the left side of space (e.g., Creem & Proffitt, 2001 ). One such egocentric reference frame that is particularly relevant to navigation is formed by the front-back and right-left body axes centered on the trunk (e.g., Sholl, 2001 ). This system of reference moves with the body as it moves through space, continually updating self-to-object relations but also permitting the recovery of object-to-object relations from a moving point of reference.
In contrast to egocentric reference systems, allocentric systems are anchored in the physical environment and directly code landmark or object interrelations irrespective of the momentary location of the body or the disposition of its parts. Place cells, which in an open environment respond preferentially to the place occupied by an animal irrespective of its heading, form the neural substrate for an allocentric representational system. These cells are located in the hippocampal region and have been recorded principally in rats (e.g., see Moser & Paulsen, 2001 , for a review) and more recently in humans (Ekstrom et al., 2003) .
Whereas most would agree on some type of allocentric coding, there is less consensus on its properties. Some argue that interlandmark allocentric codes are derived from perceptual-motor egocentric codes through computations performed at increasingly higher levels of representational abstraction (Paillard, 1991) and that these codes preserve the metric distances and angles separating landmarks in physical space (e.g., Montello, 1992; Muehl & Sholl, 2004; Sholl, 1995) . Others argue for a fairly primitive form of allocentric coding that retains a stable representation of the geometric shape of a surrounding enclosure but that does not disambiguate location if the enclosure is symmetrical (e.g., a square or rectangular room; Wang & Spelke, 2002) .
Models that subscribe to allocentric coding of landmark interrelations differ in their descriptions of the physical frame of reference relative to which landmark location is coded. One model proposes that the reference frame is the network formed by vectors connecting proximal landmarks to one another (Easton & Sholl, 1995; Muehl & Sholl, 2004; Sholl & Nolin, 1997) . Another posits a coordinate system with an origin that is the geometric centroid of a collection of landmarks and a single reference axis oriented in the direction of greatest spread between them (O' Keefe, 1991 ). Yet another model does not specify a centroid but does specify a single reference axis determined by the major intrinsic axes of the surrounding environment in interaction with the observer's point of view (Mou, McNamara, Valiquette, & Rump, 2004) .
Behavioral research consistent with allocentric coding of interobject (in table-top and room-sized spaces) and interlandmark relations (at an environmental scale of space) comes from diverse sources, including developmental (e.g., Newcombe & Huttenlocher, 2000) , cognitive (Burgess, Spiers, & Paleologou, 2004; McNamara, Rump, & Werner, 2003; Mou et al., 2004; Shelton & McNamara, 2001; Sholl, 2000; Woodin & Allport, 1998) , and cross-cultural studies (Li & Gleitman, 2002; Pederson et al., 1998) . Neuropsychological research (e.g., Feigenbaum & Morris, 2004; Holdstock, Mayes, Cezayirli, Aggleton, & Roberts, 1999; Holdstock et al., 2000; Incisa della Rocchetta et al., 2004) and human brain imaging studies (Parslow et al., 2004) further support allocentric coding systems in that they suggest a neural substrate for allocentric coding that is anatomically separable from that for egocentric coding. In addition, single-unit recordings from the hippocampal region of mammals have revealed allocentric coding at the cellular level, in the form of spatial-view cells in monkeys (Georges-Francois, Rolls, & Robertson, 1999; Rolls & O'Mara, 1995) and the aforementioned place cells in rats and humans.
Nonetheless, there is recent behavioral evidence that is difficult to reconcile with an enduring allocentric representation of interlandmark relations. In a carefully controlled series of experiments conducted in a novel, room-sized task environment, Wang and Spelke (2000) used an egocentric pointing task to test the stability of object-location knowledge. In their experiments, participants first learned the locations of objects arranged around the room. Then, from the center of the room, they pointed to each object with eyes open, which served as a baseline measure of the object's represented polar angle in a 360°coordinate system (i.e., its bearing). An eyes-closed oriented condition and an eyes-closed disoriented condition followed, in which participants again pointed to the objects (in the eyes-closed condition from their known heading after a small rotation and in the disoriented condition from an assumed heading while in a state of disorientation induced by self-rotation). Knowledge of object bearing was disrupted in the disoriented condition relative to the eyes-closed condition. Such disruption is inconsistent with retrieval from an allocentric representation that stores the invariant spatial angles separating landmarks in physical space.
Based in part on their finding that disorientation disrupts configuration knowledge, Spelke (2000, 2002) have argued that people rely heavily on transient egocentric codes when navigating. That is, the locations of behaviorally relevant landmarks are coded by vectors that function as if they originate at the body and terminate at the landmark. The length of the vector codes the landmark's euclidean distance from the body, and its spatial angle codes its egocentric bearing. Egocentric distances and angles are constantly updated by a path-integration process as the body moves relative to surrounding stationary landmarks. If completely disoriented under blindfold, the vectors are disconnected from the landmarks, and without visual recalibration, the vector parameters are reset in accordance with a cognitively selected location and facing direction. Because each vector's parameters are reset individually, noise is introduced into the system, adding error to the represented direction of each object. Under conditions in which an oriented person becomes progressively disoriented, the updating of each egocentric vector becomes increasingly subject to random perturbations, and the coherence of the egocentric representation breaks down. Thus orientation failures, whether partial or complete, introduce random perturbations in the represented egocentric bearings of behaviorally relevant landmarks. If this account is correct, the mechanisms underlying human navigation are considerably more primitive than previously thought, relying principally, but not exclusively, on transient egocentric codes computed by path integration.
On the surface, these findings challenge the existence of an allocentric representational system and are difficult for any model that posits such a system to explain. However, they can be reconciled with such models if egocentric coding dominates when a person is first introduced to a novel environment such as the one utilized by Wang and Spelke (2000) . Sholl's self-reference system model of spatial retrieval (Easton & Sholl, 1995; Sholl, 2001; Sholl & Nolin, 1997) can explain the increase in configuration error as follows. Sholl's model differentiates between two representational systems: an allocentric object-to-object vector space that preserves metric angles and distances separating landmarks in physical space and a self-reference system that codes self-to-object and object-to-object relations within a reference system centered on the body.
According to Sholl's model, a self-reference system functions at both a perceptual-motor and a representational level (see Sholl, 2001 , for a more complete description of self-reference system functioning). When oriented to a familiar environment, the perceptual-motor and representational self-reference systems operate in concert. The perceptual-motor system generates egocentric location codes for visible objects that function like the egocentric vectors described above. Related to the distinction made earlier, the perceptual-motor codes mediate the consciousness perception of landmark location and inform the executive planning of movement relative to the perceived surroundings. At the representational level, the self-reference system uses self-motion cues to continuously update body location and facing direction relative to an allocentric object-to-object vector space, thereby tracking the course of navigation and anticipating the distance and direction of behaviorally relevant landmarks beyond the field of view. When first introduced to a novel environment, the self-reference system operates principally at the perceptual-motor level. That is, it cannot anticipate yet-to-be-experienced landmarks that lie beyond the field of view. Moreover, it may take time for an object-to-object allocentric representation to develop, particularly when landmarks are not visible from one another. Therefore, according to this model, disorientation could disrupt configuration knowledge when a person is first introduced to an environment if egocentric coding dominates in the absence of an allocentric representation.
The initial goal of the present experiments was to explore whether disorientation disrupts configurational knowledge when the task environment had been navigated on a daily basis for an extended period of time. If allocentric representations have psychological reality, as we believe they do, then configuration knowledge of an overlearned environment should not be disrupted by disorientation. The self-reference system model explains the retrieval process as follows. When disoriented, the perceptualmotor system is decoupled from the representational system, thereby eliminating the heading and location constraints that the perceptual-motor system imposes on the representational system (Sholl & Kenney, 2004) . After it has been decoupled, the representational system can be freely placed at a cognitively determined location and heading in the object-to-object system. The repositioning of the self-reference system in representational space should produce no increase in variable error because self-to-object relations are recovered from an enduring allocentric representation whose vectors (coding interlandmark distances and spatial angles) do not change. The process can be likened to a rotation and translation transformation of an orthogonal set of reference axes relative to a fixed configuration of points.
To anticipate our findings, Experiments 1 and 2 found no disruption of configuration knowledge when the task environment was the local college campus. In Experiment 3, we expected to replicate Wang and Spelke's (2000) results using, as they did, a novel room-sized array of moveable objects, and a follow-up experiment planned to tease apart whether spatial scale or environment familiarity accounted for the expected discrepancy in the effects of disorientation between the present Experiments 1 and 2 and Experiment 3. However, we failed to replicate Wang and Spelke's results in Experiment 3, and Experiments 4 -7 were designed to test for methodological differences that might account for our failure to replicate.
Experiment 1
In Experiment 1, Wang and Spelke's (2000) paradigm was adapted to a large-scale, overlearned environment-the local college campus. Participants pointed to each of six familiar landmarks four times apiece, first with their eyes open (i.e., the eyes-open condition), next with their eyes closed but still oriented to the task environment (i.e., the eyes-closed condition), and finally with their eyes closed but disoriented to the environment (i.e., the disoriented condition). The eyes-open condition provided a baseline measure of each target landmark's represented bearing. Pointing errors in the other two conditions were computed relative to this baseline. If landmark bearing is coded egocentrically, as claimed by Wang and Spelke, then configuration knowledge should be disrupted after disorientation. In contrast, if landmark bearing is coded allocentrically, then no disruption was expected.
Because the distinction between egocentric and allocentric bearing is central to the present research, we review their definitions next and refer the interested reader to Klatzky (1998) for a full review of the fundamental distinctions between egocentric and allocentric representations. Egocentric bearing is the angle between a line connecting the landmark to the body's location and the forward axis of the body, and allocentric bearing is the angle between the former and an allocentric reference direction fixed to the environment. Pointing responses mediated by allocentric bearing are adjusted for the body's allocentric heading (i.e., the angle between the forward axis of the body and the allocentric reference direction).
In reviewing Wang and Spelke's (2000) procedure, we wondered whether the participant's heading, whether actual or imagined, relative to the intrinsic structure of the room could have affected performance. Therefore, in Experiment 1 we controlled body heading across all spatial orientation conditions so that the body axes were always aligned with the room axes. In Experiment 2, we manipulated body heading to test whether a misalignment between the body axes and the room axes would adversely affect performance.
Method
Participants. Twenty Boston College undergraduates (7 sophomores, 7 juniors, and 6 seniors) participated in the experiment in partial fulfillment of a course requirement. Participation was restricted to undergraduates with a minimum of two semesters in residence. Half of the participants were male and half were female, with approximately equal numbers of each at each class level.
Data from two participants (one female sophomore and one male senior) were excluded from analysis. The first reported during the debriefing that she was not disoriented in the disoriented condition. The second made random pointing responses to one landmark in the eyes-open condition, and as a consequence, the represented direction for that landmark could not be computed.
Materials. Six landmarks (90 St. Thomas More, Alumni Stadium, Edmonds Hall, Campion Hall, Gasson Hall, and Main Gate) were selected as targets from a pool of 26 landmarks tested in a pilot study. The pilot study measured the accuracy with which students other than those who participated in Experiment 1 (n ϭ 11) could point to 26 campus landmarks from the test location shown in Figure 1 . Participants were asked to point to each landmark three times from two different facing directions in the room. The landmarks that were selected to be targets had low pointing error (mean absolute error ϭ 5.79°), were approximately equally distant from the test site (range ϭ 650 -900 ft [198.1-274. 3 m]), and were relatively evenly distributed throughout the 360°of surrounding space. The target landmarks are highlighted in Figure 1 .
Procedure. In the experiment proper, each participant was tested individually in a 4.44 m ϫ 2.31 m room (the office of a faculty member on leave), which had a window with a northeastern exposure and which was located on the 5th floor of a centrally located building on campus (the room location is indicated by the dot at the center of Figure 1 ). After receiving participants' informed consent, the experimenter (Melinda C. Holmes) read a list of campus landmarks that included the targets and asked participants to indicate their familiarity with each. If they were unfamiliar with a landmark, the experimenter first described its function (e.g., "It is the building where the registrar's office is located") and then, if the participant still did not recognize the landmark, its location relative to other landmarks (e.g., "It is next to Campion Hall"). Participants then sat in a swivel chair centered in the largest open space in the room (which contained typical office furnishings), and the experimenter turned them to face one of the four walls of the room, with the facing wall counterbalanced across participants. The participants' heading when facing a wall was such that their line of sight was perpendicular to the wall.
A JAVA program, which was run on a PC laptop computer, controlled each trial sequence. Pointing responses were made with a self-centering Logitech Freedom 2.4 Cordless Joystick mounted on a small folding table, which was placed directly in front of the participant. Each trial proceeded as follows. In the practice trials, the experimenter read the name of the target that appeared on the computer screen. In the experimental trials, the target names were presented aurally in 1-s voice clips. Response latencies were recorded from the onset of the voice clip to the moment the joystick crossed the perimeter of an imaginary circle that enclosed the central 75% of joystick movement. At the crossing point, the program also recorded the joystick's x and y coordinates and converted them to the response angle. After completing the pointing response, the participant recentered the joystick, and 1 s after the joystick returned to center, the next prompt was presented.
An initial set of practice trials familiarized participants with use of the joystick. In these trials, participants imagined that they were standing in the middle of a clock face with 12 directly in front of them, 3 to their right, and so on. In two blocks of 12 trials, they pointed in the direction of each number on the clock face when verbally prompted by the experimenter. In the first block, the clock face numbers were presented in numerical order, and in the second, the order was randomized separately for each participant. No error feedback was given in the practice trials. At the end of the practice trials, participants stood and looked out the window to ensure that they knew their location and facing direction with respect to the campus. When participants were reseated, the blinds covering the window were closed.
The eyes-open, eyes-closed, and disoriented conditions followed the practice trials in the order listed. There were 24 trials in each condition (i.e., 6 target landmarks by 4 replicates of each). A new random order was generated for each participant in each condition, with the restriction that the same landmark never appeared consecutively. In each of the three experimental conditions, each participant faced a different wall in the room. The four possible facing directions (there were four walls) were counterbalanced across participants to ensure that all facing directions occurred equally in each condition.
Because participants had just looked out the window, they were oriented to the outside environment in the eyes-open condition. They could see the contents of the room itself, but not any of the outside landmarks because the window blinds were closed. In the eyes-closed condition, participants were blindfolded and rotated either 90°or 180°to a new facing direction, one of the other three walls of the room. Following Wang and Spelke's (2000) procedure, at the end of the eyes-closed condition, participants briefly removed their blindfold. When testing memory for a novel array of objects, removing the blindfold refreshes the memory, which ensures that degraded performance in the disorientation condition is not attributable to fading memory for the object array. Although this control does not appear to be necessary when testing memory for an overlearned environment, we implemented it to be consistent with that part of the Wang and Spelke (2000) procedure.
In the disorientation procedure that followed, the blindfolded participant was slowly rotated 360°10 times, with three changes in direction. At the end of the disorientation procedure, participants were turned to face a randomly preselected wall. During the disorientation procedure, participants wore a set of headphones attached to an apparatus that masked the source of ambient noise (see Rieser, Guth, & Hill, 1986) . After disorientation, the experimenter asked participants to indicate whether they knew their facing direction with a "yes" or "no" response. For anything other than a negative response (i.e., either an affirmative response or an attempt to describe their facing direction, whether right or wrong), the procedure was repeated (additional rotations were performed for approximately 1 out of 6 participants). After successful disorientation, participants were instructed to make their pointing responses while imagining themselves facing a room wall of their choice. At the end of the trials, participants reported which one of the walls they imagined facing. In all conditions, the experimenter stood to the right of the participant during testing. During debriefing, participants were again asked whether they were completely disoriented during the disorientation condition.
Data analysis: Error measurements. In all experiments except Experiment 6, pointing angles were measured from 0°to 359°clockwise from egocentric straight-ahead (i.e., 0°moved with the participant). Because of the discontinuity between 0°and 359°, means were calculated by converting angles into the x, y coordinates of a unit vector (e.g., Batschelet, 1972) . The mean x coordinate and y coordinate were calculated, and then the x, y means were converted back into an angle. Standard deviations measured the smallest deviation of each angle from the mean.
1
Following Wang and Spelke (2000) , we calculated four measures of error in both the eyes-closed and disoriented conditions for each participant: individual error, heading error, configuration error, and pointing error. In the baseline against which error was measured was each landmark's represented direction in the eyes-open condition, which was the mean of the four pointing angles to that target. The represented direction for each target was calculated separately for each participant. Because we used an egocentric coordinate system to measure pointing angle (as opposed to the allocentric coordinate system used by Wang and Spelke, 2000 , in which 0°did not change with changes in the participant's heading but was instead a constant direction in the task environment), our calculations sometimes differed from theirs, and hence, we describe them in detail. Despite differences in calculations, our error measures were equivalent to those reported by Wang and Spelke (2000) .
To compute the individual error for each landmark, each of the four pointing responses to the landmark in the condition being analyzed (eyes closed or disoriented) was subtracted from its represented direction computed in the eyes-open condition. The mean of these differences was the individual error, which could range in value from 0°to 359°. There were six individual errors in each condition, one for each target. The standard deviation of the four pointing responses to each target was also computed. The standard deviations were averaged across the six landmarks to compute pointing error.
Because egocentric coordinates rotate with the participant, each of the six individual errors in the eyes-closed and in the disoriented conditions included a constant attributable to the angular difference between the participant's actual heading in the eyes-open condition and the assumed heading in the second condition. The assumed heading is the heading that participants assumed for the purposes of making their pointing responses, which may or may not have been the same as their actual heading.
2 The mean of the six individual errors measured the angular difference between the actual heading in the eyes-open condition and the assumed heading in the second condition. We call this measure heading disparity. 3 The angular difference between heading disparity and the actual change in heading from the eyes-open condition was the heading error in Experiments 1-4. (The distinction between heading disparity and heading error is reviewed again after configuration error is explained, and all three measures are illustrated in Figure 2 ).
In the disoriented condition of Experiments 3 and 4, the experimenter rotated the participant to an actual heading that was randomly selected from one of 24 headings separated by 15°intervals. Because the experimenter used her best judgment to orient the participant correctly, we estimate that there was a Ϯ 15°margin of error in our measure of actual heading in these conditions. In the disorientation condition of Experiments 5 and 7, participants self-rotated for 1 min; therefore, their actual heading during those pointing trials was the heading they happened to be facing at the end of the minute. We did not attempt to measure actual heading quantitatively after self-rotation, and therefore, heading error is not reported for the disoriented conditions in Experiments 5 and 7. In Experiment 6, we replicated Wang and Spelke's (2000) use of an allocentric coordinate system fixed to the floor for measuring pointing angles. Following Wang and Spelke, in that experiment the mean of the six individual errors was the heading error. Whereas the assumed heading can be recovered when pointing angles are measured egocentrically, it cannot be recovered by using allocentric coordinates unless the actual heading at test is recorded-a point we return to in Experiment 6.
Configuration error was the standard deviation of the six individual errors and therefore measures the pointing error that cannot be accounted for by the change in heading (i.e., heading disparity). If the represented target directions were perfectly preserved after the change in heading, then the configuration error would be zero. The larger the configuration error, the more out of phase were the represented target directions. Figure 2 is a schematic illustration intended to help clarify the distinctions between heading disparity, heading error, and configuration error. The figure shows a hypothetical participant in a hypothetical task environment as viewed from above, and it follows the participant through the sequence of orientation conditions. The orientation of the light-gray figure illustrates the heading assumed when pointing to targets, and its location marks the site from which the pointing responses were made. The orientation of the dark-gray figure illustrates the participant's actual heading when pointing, and for ease of depiction, it is offset from the test site. Each icon on the circle represents a different target, and the angle next to the icon represents the target's represented direction (i.e., the mean of the pointing responses to the target) measured clockwise from 0°.
Panel A in Figure 2 illustrates the eyes-open condition in which actual and assumed headings are the same and in which the baseline represented directions are computed. Panel B illustrates the eyes-closed condition. Here, the participant has been rotated 90°clockwise to face east and is still oriented to the task environment. Because the actual and assumed headings are the same, heading error is zero, but because the assumed heading differs from that in the eyes-open condition, heading disparity is 90°. Panel C illustrates the disoriented condition. After disorientation, the participant's actual heading is southwest, but the participant is not aware of his or her actual heading and has selected east as the heading from which to make the pointing responses (the assumed heading). Thus, heading disparity is 90°, and heading error (the difference between the actual and assumed headings) is Ϫ135°. In Panels B and C, the represented directions are perfectly preserved, and hence, configuration error is zero. Panel D repeats Panel C, except that the represented directions are out of phase, and the configuration error is greater than zero.
To rule out the possibility that a breakdown in configuration knowledge following disorientation is attributable to more variable pointing responses, the amount of configuration error expected given the variability in pointing error was calculated according to the formula used by Wang and Spelke (2000) . The relation between pointing error and configuration error is the same as the relation between the standard deviation of a population of raw scores and the standard error of a distribution of sample means drawn from that population. So in Equation 1, est x is configuration error, and est is the pointing error. Equation 3 was used to compute the expected change in configuration error from the eyes-closed (EC) to the disoriented (D) condition, given the observed 
Expected change in configuration error ϭ Change in pointing error
Circular histograms show the distribution of heading errors in each condition. Each small, filled circle on the large circle's perimeter is a single heading error. Each histogram groups errors into 15°intervals and is normalized so that each participant's actual heading is upright or at 0°in the figure. The marker at the top of the circle indicates upright. Error is measured clockwise from 0°to 359°. Circular histograms and the Rayleigh test, described below, were computed using VectorRose 3.02 software (Zippi, 2000) .
Experimental design. Experiment 1 used a mixed experimental design with two between-subjects variables (class year: sophomore, junior, senior; gender: male, female) and one within-subjects variable (orientation: eyesclosed, disoriented). The between-subjects variables were included to determine whether they should be controlled in subsequent experiments, and their statistical outcomes are not reported. Because an analysis of variance (ANOVA) indicated that class year had no effect on performance, it was not controlled in subsequent experiments. Gender was again controlled in Experiment 2. In both Experiments 1 and 2, gender had minor but differing effects on pointing error that were not of theoretical interest to the present experiments. Because gender had no effect on configuration error, it was not controlled in Experiments 3-7.
Results
Heading error. Heading error distributions for the eyes-closed and disoriented conditions are shown in Figure 3 . The Rayleigh test (z ϭ n r 2 ) tests the null hypothesis of a uniform circular distribution against the alternative of a unimodal distribution (Batschelet, 1972) . A uniform distribution of heading errors is an indicator of disorientation, whereas a unimodal distribution centered on 0°indicates orientation to the actual heading. The heading-error distribution in the eyesclosed condition was unimodal, z ϭ 14.01, p Ͻ .001, and centered around 0°, whereas the distribution in the disoriented condition did not differ from uniform, z ϭ 1.30, p Ͼ .10. Consistent with the statistical outcome, all participants reported that they were disoriented in the disoriented condition.
Configuration and pointing error. Here and in subsequent experiments, planned, nondirectional t tests were conducted separately on pointing error and configuration error to compare performance in the disoriented condition to that in the eyes-closed condition. Here and elsewhere, the t test error terms were computed from the variance estimates derived from the two conditions included in the comparison. Effect sizes (ESs), using the d index, are also reported and were calculated in accordance with Cohen (1988, pp. 48 -49) by dividing the difference between the means of the disoriented and eyes-closed conditions with an estimate of the within-population standard deviation. To estimate the population standard deviation, we averaged across the eyes-closed and disoriented conditions, the standard deviations which are reported in Table 1 .
Mean errors as a function of orientation condition are shown in Table 1 . In addition, Table 1 contains the observed mean difference in pointing error (d PE ) and configuration error (d CE ) from the eyes-closed to the disoriented condition (i.e., M dPE ϭ 0.5°and M dCE ϭ 0.9°). Neither the mean difference in pointing error, t(17) Ͻ 1, ES ϭ .09, nor the mean difference in configuration error, t(17) Ͻ 1, ES ϭ .10, was significant. Table 1 also contains the change in configuration error (dЈ CE ) predicted by the change in pointing error (i.e., M dЈ CE ϭ 0.3°) . There was no significant difference between the predicted and observed change in configuration error, t(17) Ͻ 1.0.
Response latencies. Mean reaction times (RTs) as a function of orientation condition are shown in Table 2 . A repeatedmeasures one-way ANOVA showed no effect of orientation condition on RT, F(2, 57) ϭ 1.16, MSe ϭ 0.078, p ϭ .32. Table 2 reports mean RTs for all experiments in which response latency was measured. In no instance was there an effect of orientation condition; hence, we do not report the ANOVA results in subsequent experiments and do not discuss the results any further.
Discussion
As hypothesized, configuration error did not increase from the eyes-closed to the disoriented condition, when spatial memory of an overlearned environment was tested. This finding is consistent with retrieval from an allocentric, object-to-object representational system. The heading-error distributions indicated that participants remained oriented in the eyes-closed condition but were successfully disoriented in the disoriented condition. Configuration error in the eyes-closed condition was higher than that reported by Wang and Spelke (2000) , which could be attributable to the larger errors typically observed when pointing to landmarks in distal space than when pointing to objects in proximal space (Montello, Richardson, Hegarty, & Provenza, 1999) .
Our procedure purposely differed from the Wang and Spelke (2000) procedure in one important detail. In our procedure, the body axes were aligned with the major axes of the room in each of the three orientation conditions. We held the alignment between room and body axes constant because some have shown that pointing error increases when the body axes are misaligned with the intrinsic axes of the surrounding environment (Montello, 1991; Werner & Schmidt, 1999) . In the Wang and Spelke procedure, participants faced either a wall or a corner in the eyes-open and eyes-closed conditions, so for half the participants, the body axes were misaligned with the room axes in these conditions. In the disorientation condition, participants were not instructed about facing direction. Although it seems unlikely, if all participants imagined their bodies misaligned with the walls of the room in the disoriented condition, then configuration error may have increased because of the misalignment and not because of the disorientation. Wang and Spelke ruled out an effect of heading alignment in their Experiments 4 and 5, but we thought it was important to revisit the issue here.
Even if heading alignment were to affect performance, it does not alter the validity of the Experiment 1 results. However, we wanted to replicate these results (a) when using a procedure more similar to that used by Wang and Spelke (2000) and (b) to determine whether heading alignment should be controlled in Experiment 3 (when we move to a novel, small-scale task environment). Therefore, Experiment 2 was designed to replicate the Experiment 1 findings and to test whether the alignment between the body axes and the intrinsic axes of the room affects either configuration error, pointing error, or both.
Experiment 2
Two changes in procedure differentiated Experiment 2 from Experiment 1. First, in the eyes-closed condition, participants were rotated to face either one of the four walls or one of the four corners of the room. If body alignment with the room axes differentially affects configuration error, then there should be larger configuration error when facing a corner than when facing a wall in the eyes-closed condition.
Second, participants were told to imagine themselves facing a direction of their choice in the disorientation condition. Therefore, unlike Experiment 1, imagined body alignment was not controlled in the disorientation condition. If body misalignment with the room axes increases configuration error, configuration error in the disorientation condition should be larger for participants who assumed a heading that was misaligned with the room axes than for those who assumed an aligned heading.
Method
Participants. Twenty-four Boston College undergraduates (12 males and 12 females), who were drawn from the same subject pool as described in Experiment 1, served as participants in this experiment. No participant in this or any other present experiment participated in more than one. Three of these participants, who revealed during debriefing that they were not disoriented during the disoriented condition, were replaced. Because class year had no effect on performance in Experiment 1, we did not control for class year in Experiment 2, except to restrict participation to students who had at least 1 year of campus residency.
Procedure. The procedure for Experiment 2 was the same as that of Experiment 1 with the following exceptions. First, fewer nontarget landmarks were included in the familiarization procedure. Second, in the eyes-closed condition, half of the participants were turned to face a wall, and the other half were turned to face a corner. Third, in the disoriented condition, participants were told to imagine facing a direction of their choice. Each participant's actual facing direction in the disoriented condition was randomly selected without replacement from 24 directions, which were obtained by dividing the 360°of surrounding space into 15°incre-ments. As before, all facing directions were counterbalanced such that no participant faced the same direction twice and such that all possible facing directions in the eyes-open and eyes-closed condition were equally represented. Note. All latencies are measured in seconds.
Results
Heading error. As shown in Figure 4 , heading error was unimodally distributed in the eyes-closed condition, z ϭ 19.00, p Ͻ .001, and centered around 0°, but uniformly distributed in the disoriented condition, z Ͻ 1.0.
Configuration and pointing error. There was no effect of facing direction on either configuration error, F(1, 22) Ͻ 1.0, or pointing error, F(1, 22) ϭ 1.39, MSe ϭ 33.81, p ϭ .25. As shown in Table 1 , there was an unexpected tendency for both configuration error, t(23) ϭ 1.85, p ϭ .077, ES ϭ .43, and pointing error, t(23) ϭ 1.84, p ϭ .079, ES ϭ .41, to decrease from the eyes-closed condition to the disoriented condition. The observed change in configuration error did not differ significantly from that predicted by the change in pointing error, t(23) ϭ 1.59, p ϭ .12.
Two planned comparisons explored the effect on configuration error of the body's alignment with the room's intrinsic axes. In the eyes-closed condition, the difference in configuration error between those facing a wall (M ϭ 29.9°) and those facing a corner (M ϭ 25.3°) was not significant, t(22) ϭ 1.34, p ϭ .20. In the disoriented condition, the configuration error of those who imagined themselves facing a wall (n ϭ 10, M ϭ 19.9°) did not differ significantly from that of those who imagined themselves facing in some other direction (n ϭ 14, M ϭ 25.5°), t(22) ϭ 1.39, p ϭ .18.
Discussion
There was no increase in configuration error from the eyesclosed to the disoriented condition in Experiment 2. Instead, configuration error tended to decrease, which may have been accounted for by a similar tendency for pointing error to decrease across the two conditions. The decreases in error may be attributable to a practice effect, such that pointing responses to each target become less variable over time. Further, the extent of alignment between the body axes and the room axes did not affect configuration error. Together, the results of Experiments 1 and 2 are consistent with our hypothesis that overlearned interlandmark relations are retrieved from an enduring, allocentric representation of large-scale space.
In Experiment 3, we expected to replicate Wang and Spelke's (2000) findings that disorientation increases configuration error in a novel, room-sized space. We reasoned that when newly introduced to a space, egocentric coding dominates until enduring allocentric codes for interobject relations are established. In addition to its novelty, the task environment in Experiment 3 differed in scale from that in Experiments 1 and 2. If in Experiment 3 we had successfully replicated Wang and Spelke's findings, we planned to conduct a follow-up experiment to disentangle whether egocentric coding was attributable to the unfamiliarity or to the scale of the task environment.
Experiment 3

Method
Participants. The participants were 10 Boston College undergraduates (9 females and 1 male) who were drawn from the same subject pool as in the previous experiments. Because gender had no effect on configuration error in Experiments 1 and 2, we did not control for gender in Experiments 3-7.
Procedure. Experiment 3 followed the same basic procedure as in Experiment 2 with the following exceptions. Testing occurred in a 4.90 m ϫ 3.91 m room devoid of any furnishings other than the target objects (a clock, a poster, a computer, a chair, a telephone, and a lamp) and the tables and stool on which they were placed. Figure 5 is a scale diagram of the layout. When tested, participants sat in a swivel chair at the center of the room (its location marked by the cross-hairs in Figure 5 ), and the target objects were located around the room walls at bearings that duplicated those of the target landmarks in Experiment 1.
The learning procedure followed that used by Wang and Spelke (2000) . Participants first walked around the room to familiarize themselves with the locations of the various objects within it. They then sat in a chair in the middle of the room, closed their eyes, and pointed to each object location with their finger as the objects were named in sequential order. If a participant pointed to any one of the objects incorrectly, he or she was asked to open his or her eyes and to study the room and the location of the objects within it; the task was then repeated. 4 Unlike the previous two experiments, but like those performed by Wang and Spelke (2000) , in the eyes-open condition participants faced either a wall or a corner of the room. After they were so positioned, they put on opaque goggles to prevent them from seeing the objects to which they were pointing in the experimental trials. In all other respects the procedure was the same as that described in Experiment 2.
Results
Heading error. Circular histograms are shown in Figure 6 . Heading errors were clustered around 0°in the eyes-closed condition, z ϭ 8.87, p Ͻ .001, but were uniformly distributed in the disoriented condition, z Ͻ 1.0.
Configuration error. One participant's configuration error was 134.8°in the eyes-closed condition and 28.6°in the disoriented condition. Because this participant was an outlier in the eyes-closed condition, she was dropped from all subsequent analyses. Mean pointing and configuration errors for the remaining participants are listed in Table 1 . There was a significant decrease in configuration error from the eyes-closed condition to the disoriented condition, t(8) ϭ 2.72, p ϭ .03, ES ϭ .54, but no significant change in pointing error, t(8) Ͻ 1.0, ES ϭ .37. The change in configuration error predicted by pointing error differed significantly from the observed change in configuration error, t(8) ϭ 2.52, p ϭ .04, which suggests that the latter is not accounted for by the former.
Discussion
Experiment 3 did not replicate Wang and Spelke's (2000) finding that configuration error increased after disorientation in a small-scale novel environment. Instead, a decrease in configuration error was observed that could not be accounted for by the change in pointing error. One possible reason for the decrease in configuration error is explored in the discussion of Experiment 7.
Despite switching to a room-sized environment, we continued to observe higher configuration error in the eyes-closed condition than did Wang and Spelke (2000) . The implications of this are discussed in a section titled Possible Methodological Reasons for the Failure to Replicate. For now, we note the following. First, the magnitude of configuration error we observed in the eyes-closed condition was well below ceiling, which is important if it is to serve as a baseline estimate of configuration stability relative to which an effect of disorientation is measured. Second, allocentric coding does not imply that there will be no configuration error as a result of changes in heading. Varying degrees of noise and uncertainly in metric allocentric codes will make them varyingly vulnerable to error at retrieval (see, e.g., Huttenlocher, Hedges, & Duncan, 1991) .
The failure to replicate Wang and Spelke (2000) was unexpected, and Experiments 4 -7 examined whether procedural differences accounted for it. Whereas our procedure largely replicated theirs, there were differences in the details of its implementation. As long as participants were truly disoriented in the disoriented condition, small procedural differences should not alter the experimental outcome because the principle determinant of increased configuration error is disorientation. The effectiveness of our disorientation procedure is indicated by statistical analysis of the heading-error distributions in Experiments 1-3 and by participants' self-reports. Five of the 59 participants tested in these experiments reported that they were oriented to the task environment after disorientation, and they were either removed from the data analysis or replaced.
Experiments 4 and 5 explored differences between our disorientation procedure and that used by Wang and Spelke (2000) . The two procedures differed in several ways. First, we introduced the disorientation procedure by instructing participants that its purpose was to disorient them so that they would not know their facing direction at the end of it. Therefore, they should imagine themselves facing a direction of their choice when pointing to targets, and all their pointing responses should be made from that facing direction. Wang and Spelke did not instruct their participants to imagine a single facing direction in the disoriented condition, but simply told them to point as accurately as they could. In Experiment 4, we tested whether this difference in instructions could account for the difference in outcomes. Perhaps if not instructed to imagine only one facing direction during the disoriented trials, participants varied their imagined facing direction from trial to trial, which increased configuration error. Wang and Spelke considered this possibility and ruled it out as an explanation for their findings, but given our failure to replicate their findings, we thought it was important to revisit this issue.
Second, during our disorientation procedure the experimenter slowly rotated participants, who held their feet off the floor during the rotation. In the Wang and Spelke (2000) procedure, participants rotated themselves by turning the chair with their feet for 1 min. It is possible that the proprioceptive and motor efferent velocity cues generated by self-rotation allowed participants to do a crude form of self-to-object updating. Psychophysical research shows that estimates of rotational displacement are more accurate (a) when motor-joint velocity signals are combined with vestibular acceleration/deceleration signals (Bles, de Jong, & de Wit, 1984) and (b) when rotation is active rather than passive (Fery, Magnac, & Israel, 2004) . Self-to-object updating in various stages of breakdown across participants could produce the uniform heading-error distributions observed by Wang and Spelke. If this account is correct, configuration error may have increased in Wang and Spelke's experiments because participants were partially orientated to the task environment. In principle, any breakdown in the self-to-object updating process, whether partial or complete, should increase configuration error. However, perhaps after full disorientation, egocentric vectors are reinitialized more uniformly than predicted by the Wang and Spelke model. In Experiment 5, we duplicated Wang and Spelke's procedure exactly: Participants rotated themselves for 1 min, and the only instruction they received in the disorientation condition was to point as accurately as they could.
To anticipate our findings, Experiments 4 and 5 rule out the disorientation procedure as the source of our failure to replicate Wang and Spelke's (2000) findings, and Experiments 6 and 7 explore other methodological differences.
Experiment 4
Method
Participants. Participants were 7 Boston College undergraduates (6 females and 1 male) who were drawn from the same subject pool as in the previous experiments.
Procedure. The procedure was identical to that described in Experiment 3, with the following exceptions. First, all mention of "disorientation" was removed both from the consent form and from the instructions given to participants; instead, participants were told that they would rotate several times in the third condition. Second, participants were no longer instructed to imagine themselves facing a direction of their choice in the disorientation condition but were instead instructed to point to the six objects as quickly and accurately as they could.
Results
Heading error. Circular histograms are shown in Figure 7 . In the eyes-closed condition, the distribution of heading errors was clustered around 0°, z ϭ 3.05, p Ͻ .05, although there was one outlier (included in the analysis) that we cannot explain. The distribution of heading errors in the disoriented condition did not differ from uniform, z ϭ 1.19, p Ͼ .10.
Configuration and pointing error. Neither configuration error, t(6) Ͻ 1, ES ϭ .16, nor pointing error, t(6) ϭ 1.30, p ϭ .22, ES ϭ .75, changed significantly across conditions (see Table 1 ). The observed change in configuration error did not differ significantly from that predicted by pointing error, t(6) ϭ 1.77, p ϭ .11.
Discussion
Changing the instructions so they were the same as those used by Wang and Spelke (2000) failed to produce an increase in configuration error. During debriefing, all participants reported that they had been disoriented in the disoriented condition and that they chose a single direction in which to imagine themselves facing when making their pointing responses. Experiment 5 duplicated Experiment 4 except that the disorientation procedure was changed from passive rotation to active rotation. Also, in Experiment 5 we did not mask the source of ambient noise in the environment.
Experiment 5
Method
Participants. The participants were 10 Boston College undergraduates (9 females and 1 male) who were drawn from the same subject pool as in the previous experiments.
Procedure. The following changes were made to the disorientation condition to more closely duplicate that used by Wang and Spelke (2000) . Participants did not wear the sound system that masked the source of ambient noise in the environment, and they used their feet to rotate themselves in the swivel chair for 1 min.
As in previous experiments, at the very end of the disorientation condition, participants were asked to describe "the facing direction they assumed they were facing in order to make their pointing responses." In addition, they rated their confidence in whether their assumed heading was the same as their actual heading. This rating was made on a scale ranging from 1 (not at all confident) to 5 (extremely confident).
We were not set up to measure the actual heading of each participant at the end of his or her self-rotation to the nearest degree or even to the nearest 15°; thus, we could not measure heading error. But we did record whether the participant's assumed heading was within roughly 30°degrees of his or her actual heading, and if so, we categorized the participant as partially oriented to the task environment.
Results
Heading error. Heading errors were unimodally distributed in the eyes-closed condition (see Figure 8) , z ϭ 7.13, p Ͻ .001. In the disorientation condition, 6 of the 10 participants described an assumed heading that was within 30°of their actual heading. On average, the partially oriented participants were moderately confident that their assumed heading was the same as their actual heading (mean rating equaled 3.2), in contrast to the rest of the participants whose mean confidence rating was 1.8.
Configuration and pointing error. There was one outlier whose error in the eyes-closed and disoriented conditions was 24.3°and 81.3°, respectively. When included in the analysis, neither configuration error nor pointing error changed significantly across conditions, both ts(9) Ͻ 1.0. However, this outcome obscures the error pattern typical of the remainder of the participants, so the outlier was excluded from the analyses reported below and from the means reported in Table 1 .
The decrease in mean configuration error from the eyes-closed condition to the disorientated condition did not reach significance, t(8) ϭ 1.55, p ϭ .16, ES ϭ .39, although the decrease in pointing error did, t(8) ϭ 2.63, p ϭ .03, ES ϭ 1.27. There was no significant difference between the observed change in configuration error and that predicted by the change in pointing error, t(8) Ͻ 1.0. This pattern held both for participants who were at least partially oriented and for those who were not. 
Discussion
The changes made to the disorientation procedure in Experiment 5 enabled more than half of the participants to maintain some sense of their orientation relative to the task environment. Still, there was no significant increase in configuration error in Experiment 5. At debriefing, participants reported trying to keep track of their actual heading during the disorientation procedure. Those who were relatively successful reported pointing from the heading they thought they were facing. Those who were not successful reported that they selected a heading to imagine.
Participants in Experiment 5 were better oriented than we expected them to be, given that Wang and Spelke (2000) used the same self-rotation disorientation procedure and found heading errors that were uniformly distributed across 360°. Auditory directional cues may account for the better orientation of our participants.
5 The room's door opened into a hallway, and if sound came from the hallway during the disorientation procedure itself, it may have helped to calibrate the self-to-object updating process. Indeed, during debriefing some participants reported using auditory directional cues to help them remain oriented during selfrotation. Therefore, auditory cues were eliminated as a source of orientation in Experiments 6 and 7, as they had been in Experiments 1-4.
In Experiments 6 and 7, we continued to use Wang and Spelke's (2000) disorientation procedure and explored whether other methodological differences can account for our failure to replicate their findings. In Experiment 6, we explored differences in response production, and in Experiment 7, we explored minor differences in object configuration.
Experiment 6
In the present Experiments 1-5, pointing responses were made with a self-centering joystick, whereas in Wang and Spelke's (2000) procedure, participants stretched their arm toward the target and pointed with their index finger. In addition, we measured pointing angle to the nearest degree, and they measured pointing angle to the nearest 10°. On the one hand, even though we recorded pointing angle with greater precision, participants may have been able to make more finely calibrated responses when pointing with their finger than when pointing with a mechanical device such as a joystick. If so, a lack of precision in response output could mask an increase in configuration error and could account for our failure to replicate. On the other hand, limitations in the range of arm movements in the posterior half of body space may have inflated configuration error if the participant happened to imagine a facing direction that put a disproportionate number of objects behind the body in the disoriented condition. Experiment 6 tested whether the method of response execution affects configuration error.
Method
Participants. The participants were 10 Boston College undergraduates (8 females and 2 males) who were drawn from the same subject pool as in the previous experiments.
Procedure. The procedure in Experiment 6 was the same as in Experiment 5, with the following exceptions. First, participants responded by pointing with their finger and outstretched arm in the direction of the target object. The swivel chair was centered on a 7-ft diameter, 360°protractor that was printed on a piece of heavy weight paper affixed to the floor of the laboratory. A lightweight plumb line was attached to the index finger of each hand, and participants made their pointing responses by extending the hand closest to the target object and pointing with the index finger. The end of the plumb line just touched the floor, and response angles were recorded to the nearest degree on the protractor. Second, no response latencies were collected in this experiment. The experimenter read the target names from randomly ordered lists. Third, the disorientation procedure used in Experiment 6 replicated that used in Experiment 5, but to eliminate the possibility of using auditory cues to orient, participants wore headphones attached to a device that masked the source of ambient noise during both the disorientation procedure and the experimental trials that followed.
Finally, because pointing angle was measured relative to an allocentric reference system (i.e., the protractor attached to the floor), heading error in the eyes-closed and the disoriented conditions was the mean of the six individual target errors. When measuring pointing angles allocentrically, heading error is a direct measure of the angular difference between the actual heading and the assumed heading. That is, it measures the angle through which the represented directions in the disoriented condition must be rotated in unison to bring them into alignment with the actual directions (e.g., if a participant is oriented and the target is at 315°in allocentric coordinates, the target's pointing angle will be 315°, regardless of the participant's actual heading. If the pointing angle differs systematically from 315°, the participant is disoriented by the angular difference.) However, without a record of the direction of the actual heading, the direction of the assumed heading cannot be recovered from the difference measure. We did not record the actual heading, and therefore, we cannot calculate the assumed heading. We raise this issue here only because it is relevant to a postexperiment analysis described in the Discussion of Experiment 7. 
Results
Heading error. Circular histograms of heading error distributions in the eyes-closed and disoriented conditions are shown in Figure 9 . Heading errors were unimodally distributed in the eyesclosed condition, z ϭ 9.21, p Ͻ .001, and uniformly distributed in the disoriented condition, z ϭ 1.08, p Ͼ .10.
Configuration and pointing error. Configuration error did not increase from the eyes-closed to the disoriented condition, t(9) Ͻ 1.0, ES ϭ .30, but pointing error did increase significantly across conditions, t(9) ϭ 3.54, p Ͻ .01, ES ϭ 1.25. The observed change in configuration error did not differ significantly from that predicted by the change in pointing error, t(9) Ͻ 1.0.
Discussion
Pointing error, but not configuration error, increased from the eyes-closed to the disoriented condition. It is not entirely clear why pointing error increased, although one possibility is that biomechanical constraints that limit the mobility of the arm when reaching behind the body could have introduced variability in pointing responses to posterior locations. However, it is unclear why increased variability when pointing to posterior objects did not affect the eyes-closed and disoriented conditions equally. Another possibility is that pointing responses made with outstretched arms were fatiguing over time and that those fatigued muscles introduced variability.
Regardless of the source of the increase in pointing error, we found no evidence that the mode of response output affected configuration error, and in Experiment 7, we returned to using a joystick to collect pointing responses. Experiment 7 tested whether differences in object configuration account for our failure to replicate Wang and Spelke (2000) .
Experiment 7
There were two differences in how objects were configured. First, in our room-sized environment, targets were located 6.5 ft to 9.0 ft (1.83-2.74 m) from the participant; whereas, by extrapolation from the Wang and Spelke (2000) figures depicting the object arrays in their Experiments 6 and 7, we estimated that distances ranged from 3.0 ft to 7.5 ft.
6 Perhaps egocentric codes are limited to objects in immediate proximity to the body, whereas more distant objects are coded allocentrically. Evidence for a functional and neuroanatomical dissociation between peripersonal space (the space within reaching distance) and extrapersonal space (the space beyond reaching distance) comes from clinical case studies of spatial neglect (e.g., Cowey, Small, & Ellis, 1994; Halligan & Marshall, 1991; Vuilleumier, Valenza, Mayer, Reverdin, & Landis, 1998) and from neuroimaging studies (Weiss et al., 2000) . Although both Wang and Spelke's and our experiments tested object locations in extrapersonal space, there may be additional functional dissociations in spatial scale of which we are not yet aware. Related to that possibility, Learmonth, Nadel, and Newcombe (2002) recently found that children used different allocentric coding strategies in a large room (8 ft ϫ 12 ft [2.44 ϫ 3.66 m]) than in a small one (4 ft ϫ 6 ft [1.22-1.83 m]). Second, our objects were fairly regularly spaced around the participant in intervals ranging from approximately 50°to 70°. Whereas Wang and Spelke (2000) found increases in configuration error with both irregular and regular arrays of objects, it is possible that our particular arrangement had an emergent global structure that enabled participants to treat the array as a unified whole rather than as a collection of discrete objects. In a perspective-taking task, Easton and Sholl (1995) found that object locations in arrays with well formed global structures (i.e., a circle, a square) were retrieved directly from an allocentric representation. whereas the retrieval of location in irregularly structured arrays was egocentrically mediated.
By using an object configuration whose properties were more similar to most of Wang and Spelke's (2000) object arrays, Experiment 7 addressed whether the distance of target objects from the body and the regularity of their spacing around the body account for the failure to replicate. In Experiment 7, objects were located closer to the participant and were spaced more irregularly around the room than in Experiments 3-6. The object array is diagrammed in Figure 10 .
Method
Participants. Ten Boston College undergraduates (6 females and 4 males) participated in this experiment, either in partial fulfillment of a course requirement or in return for a payment of $5.00.
Procedure. In Experiment 7, we again used the joystick to record pointing responses. Otherwise, the procedure was the same at that used in Experiment 6 except for the change in the object configuration shown in Figure 10 . The distance of target objects from the participant ranged from 3 to 7 ft (0.9 -2.1 m), and objects were separated by angles ranging from 26°to 76°when measured from the body. As in Experiment 5, heading error in the disoriented condition is not reported because we did not measure actual heading at the end of self-rotation. 6 Wang and Spelke's (2000) Experiments 1-5 used a room-within-aroom arrangement, with the target objects in the outer room and the participant in a 1.9 m ϫ 1.9 m inner room. The introduction of an opaque barrier between the participant and the objects makes it difficult to compare the apparent target distances in those experiments with those in our unobstructed room-sized space. 
Results
Heading error. As indicated by the circular histogram in Figure 11 , the distribution of heading errors in the eyes-closed condition was unimodal, z ϭ 9.40, p Ͻ .001, and centered close to 0°.
Pointing and configuration error. Configuration error decreased significantly from the eyes-closed condition to the disoriented condition, t(9) ϭ 2.23, p ϭ .05, ES ϭ .77; however, the change in pointing error was not significant, t(9) ϭ 1.18, p ϭ .27, ES ϭ .72 (see Table 1 ). The difference between the observed change in configuration error and that predicted by pointing error was significant, t(9) ϭ 2.70, p ϭ .02, indicating that the decrease in configuration error could not be accounted for by a decrease in pointing error.
Discussion
There was an unexpected decrease in configuration error that could not be accounted for by a decrease in pointing error from the eyes-closed to the disoriented conditions. A similar outcome was observed in Experiment 3. Inspection of the data from Experiments 3 and 7 suggested that the decrease in configuration error might have been attributable to a subset of participants who, in the disorientation condition, imagined themselves facing in the direction that they had previously faced in the eyes-open condition. To test the reliability of this observation, we combined data from those experiments in which disorientation was passive (Experiments 1-4) and compared participants who imagined their eyesopen heading in the disoriented condition (repeaters) to those who did not (nonrepeaters). A similar analysis was conducted on those experiments in which disorientation was active (Experiments 5 and 7).
7
A 0°heading disparity (see Figure 2 and the Experiment 1 Method section for the definition of heading disparity) indicates that the assumed heading in the disoriented condition was the same as the actual heading in the eyes-open condition. Participants were categorized as repeaters if their heading disparity in the disoriented condition was within 30°clockwise or counterclockwise of 0°; otherwise, they were nonrepeaters. The change in configuration error differed significantly between the repeaters (n ϭ 17, M ϭ Ϫ7.5°, SD ϭ 13.98°) and nonrepeaters (n ϭ 43, M ϭ Ϫ0.6°, SD ϭ 9.33°), t(58) ϭ 2.19, p ϭ .03, ES ϭ .58. Analysis of Experiments 5 and 7 showed a similar difference between repeaters (n ϭ 5, M ϭ Ϫ14.0°, SD ϭ 14.72°) and nonrepeaters (n ϭ 14, M ϭ Ϫ2.95°, SD ϭ 5.60°), t(17) ϭ 2.45, p ϭ .03, ES ϭ 1.19.
To summarize, across all six experiments, about 25% of participants imagined themselves facing in the same direction in the disoriented condition as they did in the eyes-open condition. For those participants, but not the other 75%, there was a systematic decrease in configuration error in the disoriented condition. It was likely that this decrease was attributable to a practice effect. Thus, repeating the eyes-open heading is one factor that affects configuration error.
Possible Methodological Reasons for the Failure to Replicate
Postexperiment Analysis of Power
We failed to replicate Wang and Spelke's (2000) finding of greater configuration error in the disoriented condition than in the eyes-closed condition in each of the seven experiments reported here. Because we were unable to duplicate their results, it is reasonable to ask whether our experiments had sufficient power to 7 Experiment 6 was excluded from this analysis because assumed heading in the disoriented condition could not be recovered from that data. detect an effect of disorientation on configuration error, if one were present. In their experiments, sample size ranged from 8 to 10, and an inspection of their figures suggests that, when observed, disorientation increased configuration error between 7°and 18°.
In this section we address whether our procedures were sensitive enough to reveal mean differences of the magnitude reported by Wang and Spelke (2000) . Logic suggests that they were, because in Experiments 3 and 7 we detected decreases in configuration error that ranged between 6°and 9°, effects similar in magnitude, but opposite in direction, to the smallest mean difference observed by Wang and Spelke (2000) . Nevertheless, we conducted a postexperiment power analysis to analyze formally whether we could have detected the smallest mean difference reported by Wang and Spelke (7°) with our sample variability and sample size. We restricted this analysis to configuration error.
We computed power by adapting the procedures recommended by Cohen (1988, pp. 48 -50) for a two-sample, repeated-measures, directional t test at a .05 alpha level. For each experiment, we computed an expected ES by dividing the mean difference of 7°by the population standard deviation estimated from the sample variance observed in that experiment. (The observed ESs are reported in the Results section of each experiment). The estimated population standard deviation (est ) was calculated by averaging the standard deviations for the eyes-closed and disoriented conditions, which are listed under the configuration error heading in Table 1 .
The expected ES was divided by ͱ1 Ϫ r to compute the operative ES used to look up power in Cohen's (1988, p. 30) power table. R is the correlation between configuration error in the eyes-closed and disoriented conditions with subject as the unit of analysis. In Table 3 , we report power, and the parameters used to compute it, for each experiment: n, est , expected ES, and r.
An inspection of Table 3 indicates that, in most of our experiments, the power to detect a 7°effect on configuration error was above .80. Experiments 4 and 7 had unacceptably low power. It bears noting that we have estimated power conservatively, by using in our calculations the least significant difference reported by Wang and Spelke (2000) . However, even though the power of Experiment 7 was low, it was sufficient to detect an 8.6°effect of orientation condition on configuration error, albeit in the direction opposite of that observed by Wang and Spelke (2000) . To assess the likelihood that the lack of power in Experiment 4 obscured a true effect of disorientation, we did a subject-by-subject comparison of performance in the two orientation conditions. We found that only 2 of the 7 participants in Experiment 4 had worse performance in the disoriented than in the eyes-closed condition. In sum, the results of the postexperiment power analysis suggest that our failure to find a detrimental effect of disorientation on configuration error was not attributable to a lack of power.
Ceiling Effects
A second factor of possible importance to our failure to replicate is that our average configuration errors in the eyes-closed condition (see Table 1 ) were higher by about a factor of three than those reported by Wang and Spelke (2000) . In our eyes-closed condition, average configuration error ranged from 24.0°to 30.5°, whereas in their condition, it ranged from about 8°to 12°. Absolute performance in the eyes-closed condition is less important than the relative performance between the disoriented and eyes-closed conditions. However, if the degree of configuration error that we observed in the eyes-closed condition approached the maximum permissible under our test conditions, then there would be no room for error to rise in the disoriented condition. We adopted two approaches to test the possibility that a ceiling effect may have obscured an effect of disorientation. First, to determine whether there was room for configuration error to rise, we estimated the maximum error expected in the disorientation condition. Second, we analyzed the observed configuration-error distributions for departures from normality. In neither case did we find evidence suggestive of a ceiling effect. Wang and Spelke (2000) reported that even though disorientation disrupted the internal coherence of represented object locations, it did not disrupt knowledge of the relative ordering of the surrounding objects. Thus, for the object array used in Experiments 3-6, we estimated the upper and lower limits to configuration error expected if ordinal knowledge of object location was preserved. These estimates generalize to Experiments 1 and 2 (see Figure 1 ) because those target landmarks had geocentric bearings similar to the target objects in Experiments 3-6.
We modeled minimum configuration error by correctly ordering the six object bearings at equally spaced intervals, as depicted by Note. There is no power entry for Experiment 4 because Cohen's (1988, pp. 30 -31) the vectors in Figure 12A . 8 Configuration error was estimated from the squared angular deviation between each vector bearing and the actual bearing of the closest object. We modeled maximum configuration error by fixing the actual bearing of one object (we arbitrarily chose the computer) and then rotating (through the smallest angle) each of the other object bearings to cluster in the direction of the fixed bearing, preserving relative order. We arbitrarily set a 5°interval between adjacent rotated bearings, which are depicted by the vectors in Figure 12B . (The vector at the top is the transformed bearing of the chair, and from top to bottom, each consecutive vector is the transformed bearing of each object in counterclockwise order from the chair.) Again, configuration error was estimated from the squared angular deviations between each object's actual bearing and its transformed bearing. Whereas we do not attach any psychological plausibility to the geometric transformation shown in Figure 12B , it serves the purpose of setting an upper limit to the error continuum produced by the indefinite number of response permutations that preserve order. Using this logic, we estimated an 11°minimum configuration error and a 108°maximum configuration error. The configuration errors observed in our eyes-closed condition are well below the maximum.
We analyzed the configuration error distributions themselves (excluding the aforementioned outliers) for evidence that scores were clustered at the high end of the distribution. We collapsed across experiments, but separately analyzed the distributions (each with n ϭ 87) for the eyes-closed and disoriented conditions. The mean of the eyes-closed distribution was 26.2°, with a range of 6.2°to 41.2°, and the mean of the disoriented distribution was 23.6°, with a range of 4.2°to 47.8°. Visual inspection of both distributions indicated that they were roughly bell shaped and symmetrical, and measures of skew and kurtosis indicated that neither distribution deviated significantly from normal. Thus, there was no evidence of compression in the upper end of either distribution.
Whereas these analyses indicate that configuration error is not at ceiling in our eyes-closed condition, they do not address why it was higher in our experiments than in Wang and Spelke's (2000) .
In the next section, we discuss a methodological difference that may be relevant to this issue.
Visually Guided Pointing
Our learning phase and eyes-open procedures differed from those of Wang and Spelke (2000) in one important respect that may have carried over to affect eyes-closed performance: Their participants made visually guided pointing responses with their fingers, whereas our participants made nonsighted pointing responses with a joystick (with the exception of Experiment 6, in which they made nonsighted pointing responses with their fingers). Our participants pointed with eyes closed during learning and were blindfolded in the eyes-open condition. We blindfolded participants to ensure that represented direction was measured under the same visual restrictions in all conditions. We did this because blindfolded pointing produces greater absolute, constant, and variable error than does visually guided pointing (Montello et al., 1999) , and we wanted to avoid introducing measurement error in the eyes-closed and disoriented conditions that was not present in the eyes-open condition.
With the benefit of hindsight, we now believe that this methodological difference may account for the discrepancy in outcomes between our experiments and those of Wang and Spelke (2000) . We come to this conclusion on the basis of the following premises. First, pointing with a finger under visual guidance likely produces a more precise representation of direction (i.e., a bearing code) than does nonsighted pointing with a joystick. Second, maintaining precise bearing codes likely requires spatial attention, and in the face of certain types of distraction, a narrowly tuned code may relax to a more broadly tuned state typical of those bearing codes produced by nonsighted pointing. Finally, broadly tuned bearing 8 Wang and Spelke (2000) tested and rejected a representation of this type as one that could account for performance in their disorientation condition. Nevertheless, it serves to set a lower limit for expected configuration error. Figure 12 . A schematic illustration of the bearing transformations on which minimum (A) and maximum (B) estimates of configuration error were based. Each vector depicts the transformed bearing of a single object. In Panel A, the object transformed is the one nearest the vector. In Panel B, the stack of vectors in consecutive order from top to bottom depicts the transformed bearings of the chair, poster, computer, telephone, clock, and lamp.
codes are more subject to bias (i.e., constant error) than are narrowly tuned bearing codes. In the remainder of this section, we elaborate on these premises and review evidence relevant to their validity.
Our discussion focuses on the process by which the allocentric bearing of an object located in a novel, room-sized environment is encoded and stored. Although our discussion is limited to roomsized space, the underlying logic extends to overlearned, environmentally scaled task environments such as the one we tested in Experiments 1 and 2.
When pointing with one's finger under visual guidance, visual feedback can be used to line the finger up directly with the relevant cue in the field of view. In turn, the motor-joint signals registering the angle of the outstretched arm could serve to fine tune the bearing code computed from visual input. In two of Wang and Spelke's (2000) experiments, the target objects were directly visible, so that participants could use visual feedback to center their finger directly on each object. In their other experiments, the target objects were not visible because they were located just outside the inner room in which the participants were tested. In those experiments, the outer walls and corners of the inner room provided a salient, allocentric framework for coding object locations metrically. For example, half the objects were slightly offset from the middle of each outer wall, and the rest were slightly offset from the room's outer corners. Thus, the walls' midpoints and the room's outer corners could have served as reference points relative to which the metric distance and direction of each object was coded. From the participant's interior perspective, the room's shape provided a visible geometric framework for reconstructing the object locations. Participants could then use the geometric cues (i.e., the midpoint of each wall and the room's inner corners) to calibrate their pointing responses and fine tune the bearing codes. Because participants made visually guided pointing responses in both the learning and the eyes-open conditions, the bearing codes established during learning could continue their refinement in the eyesopen condition.
In our experiments, the bearing codes generated during learning were not calibrated by visually guided pointing and, consequently, were likely noisier and more broadly tuned than were those created with visual feedback. To measure the precision of bearing codes acquired without visual feedback, we calculated each participant's absolute pointing error (the angular difference between the actual direction of the target object and the direction of the pointing response) in the eyes-open condition, which immediately followed the learning phase. To examine whether our participants pointed with the degree of precision expected for blindfolded pointing, we compared the absolute errors we observed to those reported by Montello et al. (1999, Experiment 2) , who used a nonsighted pointing procedure largely similar to our own.
In the Montello et al. (1999) experiment, blindfolded participants used a manual dial pointer to point from their location in the center of a room toward six objects arranged along its walls. Because the size of our room (4.9 m ϫ 3.9 m) differed from theirs (7.6 m ϫ 7.6 m), object distances also differed. For a constant, absolute angular error, the linear distance between the actual and remembered direction of an object varies as a positive function of the target's distance from the pointer. Thus, we also report the absolute linear displacement error, which is the distance along the wall between the actual direction of the object and its remembered direction, at representative distances from the center of each of the two rooms.
The average absolute error in the eyes-open condition for all participants whose results were reported in the present Experiments 3-7 was 18.3°(SD ϭ 5.4°), which compares favorably to the 14.5°average error reported by Montello et al. (1999) . In our task environment, an 18.3°error when pointing to a target 1.95 m away (i.e., the distance to the nearer wall) corresponded to a displacement in remembered location of .5 m to either the right or left of the actual location. For a target 2.45 m away (the distance to the further wall), the corresponding linear displacement was .7 m. In the Montello et al. task environment, a 14.5°angular error for a target at a distance of 3.8 m (the distance to each of the four walls) corresponded to a .9 m linear displacement. Thus, by both the angle and distance measures, we observed errors comparable to those reported by Montello et al. Montello et al. (1999) included an eyes-open condition in their within-subjects design, placing it at the end of the session so that it would not influence performance in their eyes-closed condition. In their eyes-open condition, mean pointing error was 7.8°. Therefore, in their study, visually guided pointing was almost twice as accurate as blindfolded pointing. Because Wang and Spelke (2000) did not report absolute error in their eyes-open condition, it was not possible to compare their results to those reported by Montello et al. However, because of the more precise perceptual-motor feedback afforded by an outstretched arm and finger than a manual dial, we would expect finger pointing to be the more accurate of the two.
If, as we have hypothesized, represented direction is more narrowly tuned when encoded with visual-motor feedback, then Wang and Spelke's (2000) participants entered the eyes-closed condition with more precise metric representations of allocentric bearing than did ours. Narrowly tuned metric codes are less subject to bias (i.e., constant error) at retrieval than are broadly tuned codes (Engebretson & Huttenlocher, 1996; Huttenlocher et al., 1991; Plumert & Hund, 2001 ). Thus, the larger configuration error we observed in the eyes-closed condition can be attributed to the greater influence of bias on less precise codes. Next, we apply Huttenlocher et al.'s category adjustment model to explain how bias might operate in the present paradigm.
According to the category-adjustment model, bias is introduced when unbiased but imprecise metric location codes are combined with categorical location codes at retrieval. The more imprecise the metric codes, the more subject they are to the biasing influences of category membership. Categorical bias is the adjustment of remembered location toward the category's prototypical location, and in the present paradigm, it would manifest itself as clockwise or counterclockwise displacement of remembered bearing from the stored metric bearing. The direction and amplitude of each object's displacement is independent of that of the other objects, and it depends on factors such as (a) the precision of the stored metric code, (b) how the space is parsed into categorical regions, (c) the region in which the object is located, and (d) the object's location within that region. Thus, the model predicts a mix of clockwise and counterclockwise constant errors across a single array of objects; it is just such a mix of errors that configuration error measures. The extent to which the category adjustment model can account for the configuration error observed in this paradigm is a subject for future research.
By this account, the degree of configuration error we observed in our eyes-closed and disoriented conditions reflects the susceptibility of our less precise allocentric metric codes to categorical bias. Our finding that configuration error did not increase in the disoriented condition is consistent with a noisy but stable level of coding precision for the duration of the experimental session. By the same token, we attribute the increased configuration error in Wang and Spelke's (2000) disoriented condition to a decline in the precision of the underlying metric codes. Specifically, the narrowly tuned bearing codes that were established during the learning phase, refined during the eyes-open condition, and maintained during the eyes-closed condition relaxed into broadly tuned codes during disorientation. At retrieval, the broadly tuned codes were susceptible to bias of the same order of magnitude as we observed in both the eyes-closed and disoriented conditions. Thus, the level of metric-coding precision at the time of retrieval can account for both our larger configuration error in the eyes-closed condition and their increase in configuration error in the disoriented condition.
Our account assumes that some form of spatial attention is needed to maintain narrowly tuned codes and that, if attention is diverted from the maintenance task, the codes relax to a more broadly tuned state. Accordingly, we hypothesize that disorientation per se was not the critical factor causing an increase in configuration error in Wang and Spelke's (2000) experiments. Rather, any intervening activity that redirects spatial attention should have a similar effect. Our hypothesis is admittedly post hoc, and additional research is needed to test its validity.
General Discussion
The hypothesis that motivated our initial experiments was that object location is coded egocentrically when a person is first introduced to a novel environment, because allocentric object-toobject codes take time to develop. However, we found no evidence that this was the case. The behavioral marker for egocentric coding is an increase in configuration error following disorientation, and we found no such increase in any of the seven experiments reported here. To the contrary, configuration error decreased from the eyes-closed to the disoriented conditions for about 25% of participants. Thus, the present findings are consistent with allocentric coding of both overlearned and novel environments.
To explain the discrepancy between our outcome and that reported by Wang and Spelke (2000) , we have suggested that the precision with which allocentric bearing codes are established at learning affects their vulnerability to configuration error at test. On the basis of this premise, we have hypothesized the following. In our experiments, the bearing codes for objects were broadly tuned and hence susceptible to configuration error-both in the eyesclosed and disoriented conditions. In Wang and Spelke's experiments, bearing codes were narrowly tuned and resistant to configuration error when spatially attended, as in their eyes-closed condition. When spatial attention was diverted from that maintenance function to a different task-such as monitoring selfrotation in the absence of visual feedback-the bearing codes relaxed, becoming susceptible to configuration error. Future research is needed to test the validity of our hypothesis. For now, it has the advantage of integrating Wang and Spelke's findings with a larger body of research on spatial memory, spatial updating, and spatial problem solving that indicates that both children and adults code interobject relations allocentrically (e.g., Burgess et al., 2004; Holdstock et al., 1999 Holdstock et al., , 2000 Incisa della Rocchetta et al., 2004; Li & Gleitman, 2002; McNamara et al., 2003; Mou et al., 2004; Newcombe & Huttenlocher, 2000; Parslow et al., 2004; Pederson et al., 1998; Sholl, 2000; Woodin & Allport, 1998) .
To conclude, we used the self-reference system model of spatial retrieval, which posits both egocentric and allocentric representational systems, to motivate our initial experiments. In that model, the self-reference system computes the egocentric bearing of the target object and outputs it to a system that plans the direction of the pointing response. Egocentric bearing is computed either (a) directly from the angle between the forward axis of the body and an egocentric vector that extends from the body to the object or (b) indirectly by combining allocentric object bearing with allocentric body heading. Our findings are most parsimoniously explained by coding of the latter type across all three of the experimental conditions. This in turn suggests that, as previously mentioned, allocentric codes are established during early exposure to a novel room-sized environment (see also Woodin & Allport, 1998) . Whereas the present findings add to the body of research showing allocentric coding of interlandmark and interobject relations, further research is needed to investigate more fully the properties of both the egocentric and allocentric spatial systems and how they interact to support spatial navigation.
